Spinobulbar muscular atrophy is a progressive motor neuron disease caused by abnormal polyglutamine tract expansion in the androgen receptor (AR) gene, and is part of a family of central nervous system (CNS) neurodegenerative diseases, including Huntington's disease (HD). Each pathologic protein is widely expressed, but the cause of neuronal degeneration within the CNS remains unknown. Many reports now link abnormal polyglutamine protein aggregation to pathogenesis. A previous study reported that activation of the wild-type glucocorticoid receptor (wtGR) suppressed the aggregation of expanded polyglutamine proteins derived from AR and huntingtin, whereas a mutant receptor containing an internal deletion, GR∆108-317, increased polyglutamine protein aggregation, in this case primarily within the nucleus. In this study, we use these two forms of GR to study expanded polyglutamine AR protein in different cell contexts. Using cell biology and biochemical approaches, we find that wtGR promotes soluble forms of the protein and prevents nuclear aggregation in NIH3T3 cells and cultured neurons. In contrast, GR∆108-317 decreases polyglutamine protein solubility, and causes formation of nuclear aggregates in non-neuronal cells. Nuclear aggregates recruit hsp72 more rapidly than cytoplasmic aggregates, and are associated with decreased cell viability. Limited proteolysis and chemical cross-linking suggest unique soluble forms of the expanded AR protein underlie these distinct biological activities. These observations provide an experimental framework to understand why expanded polyglutamine proteins may be toxic only to certain populations of cells, and suggest that unique protein associations or conformations of expanded polyglutamine proteins may determine subsequent cellular effects such as nuclear localization and cellular toxicity.
INTRODUCTION
Polyglutamine expansion in distinct proteins accounts for nine inherited neurodegenerative diseases including spinobulbar muscular atrophy (SBMA), Huntington's disease (HD), spinocerebellar ataxia (SCA) 1, 2, 3, 6, 7 and 12, and dentatorubro-pallidoluysian atrophy (1) (2) (3) . In each disease, CAG repeat expansion in DNA coding sequence results in a polyglutamine tract enlargement within the target protein. With only one exception (SCA6), expansion must exceed 37 repeats to produce disease. SBMA is a slow, progressive neurodegenerative disease that primarily involves motor neurons in the central nervous system (CNS) (4), although sensory neurons of the peripheral nervous system can also be affected (5) . It is caused by CAG repeat expansion in the androgen receptor (AR) gene, which enlarges a polyglutamine tract in the N-terminus of the AR protein (6) (Fig. 1A) . Polyglutamine expansion may affect AR transcriptional activity (7) or protein expression levels (8) . However, neurotoxicity of the expanded AR protein is probably due to a gain of abnormal toxic function, as in other polyglutamine neurodegenerative diseases (1, 2) . Specifically, the expanded AR protein may acquire a new toxic cellular activity that is independent of its normal function as a transcription factor.
A remarkable feature of the polyglutamine expansion diseases is their selective neuronal toxicity: each disorder primarily affects neurons of the CNS while sparing non-neuronal cells, despite ubiquitous expression of the pathologic protein throughout the body. In addition, each disorder selectively targets subgroups of neurons within the CNS. For example, in SBMA an abnormal AR protein is expressed throughout the brain, but exclusively involves motor neurons, whereas HD targets cortical and striatal neurons, but spares motor neurons. Factors that determine regional degeneration within the CNS may be specific for each disease protein. On the other hand, understanding the molecular basis of the selective vulnerability of the CNS (as opposed to other somatic tissue) may be important in the development of effective therapies for multiple polyglutamine expansion diseases.
*To whom correspondence should be addressed. Tel: +1 415 476 2251; Fax: +1 415 502 8644; Email: marcd@itsa.ucsf.edu A unifying pathologic feature of polyglutamine expansion diseases is the formation of nuclear inclusions containing the pathologic protein (9) (10) (11) (12) (13) (14) . These inclusions are formed primarily, if not exclusively, in affected neurons of the CNS, and thus have been linked to pathogenesis. However, the role of nuclear inclusions in the pathogenesis of disease is controversial: some suggest they may underlie toxicity (15) (16) (17) whereas others believe that they are not central to disease (18) , and may even be protective (19) . Nonetheless, nuclear localization of expanded polyglutamine proteins does appear to be required for their toxicity both in cell culture and transgenic mouse models of disease (18, 19) .
Regardless of the role of neuronal intranuclear inclusions in pathogenesis, the capacity to form such nuclear aggregates may be related to a unique form of the expanded polyglutamine protein in vulnerable cells. That is, in the appropriate cellular environment, an expanded polyglutamine protein may exist in a form that is both pathogenic and capable of forming aggregates through self-association. This is analogous to fibril formation of prion proteins. In this case a normally folded prion protein may be subverted to a pathogenic form capable of producing detergent-insoluble fibrils, even though the infectious 'unit' may actually be a monomer or oligomer (20) . Thus, self-association into aggregates might be a characteristic feature of expanded polyglutamine proteins in affected cells. However, despite the correlation of aggregate formation with pathologic changes in vulnerable cells, self-association of abnormal protein does not appear to be required for initial toxicity. For example, inhibition of ataxin-1 aggregation through deletion of a self-association region (18) , or elimination of a ubiquitin ligase activity (21) does not prevent its toxicity in animal models. Ultimately, pathogenesis of polyglutamine disease could occur at several levels. Soluble protein might disrupt normal protein-protein interactions, possibly affecting certain transcription factors (22) (23) (24) . Additionally, aggregates themselves might produce additional toxicity as a consequence of chronic cellular exposure to a misfolded protein (25, 26) .
In a previous study, one of us (M.I.Diamond) reported that the glucocorticoid receptor (GR) can regulate the aggregation and subcellular localization of both polyglutamine-expanded AR and huntingtin (htt) fragments (27) . GR, a ligand-activated transcription factor, exists in the cytoplasm complexed with various molecular chaperones. Upon binding hormone, activated GR moves into the nucleus, where it regulates specific gene expression by binding to DNA sites near regulated genes. When co-expressed with expanded forms of AR or huntingtin (htt), we observed that the wild-type GR (wtGR) reduced aggregate formation upon hormone activation. Those aggregates that did form were restricted to the cytoplasm. In contrast, co-expression of a deletion mutant in the N-terminus of GR, in which a major transcription activation domain has been disrupted (GR∆108-317), enhanced aggregate formation. We observed these aggregates almost exclusively within the nucleus (27) (Fig. 1B) . This data suggested that through modulation of gene expression these different forms of GR dramatically modified the solubility and subcellular localization of the expanded polyglutamine proteins. Thus, GR appears to regulate cellular factors that might modify the toxicity of an expanded polyglutamine protein.
In the present study we have further characterized the impact of wtGR and GR∆108-317 on the cell biology and biochemistry of expanded polyglutamine AR proteins. We exploit our ability to manipulate aggregation and nuclear localization of the AR protein in a single cell type to investigate its distinct molecular and biological activities in different cell contexts.
RESULTS

Glucocorticoid receptor mutants differentially control the subcellular localization and aggregation potential of AR protein truncation products
GR and GR∆108-317 differentially regulate aggregation and nuclear localization of a truncated form of AR in HEK293 (kidney) and N2a (neuroblastoma) cells (27) (Fig. 1B) . We further tested these effects in the NIH3T3 fibroblast cell line. We used a full-length form of AR, and truncation mutants comprised either of its N-terminal 127 or 556 amino acids with a wild-type (25) or expanded (65) tract of glutamines, termed Figure 1 . Diagram of GR and AR constructs, and GR effects on polyglutamine protein aggregation. (A) Schematic illustration of wtGR and GR∆108-317, which has an internal deletion in its N-terminal transcriptional activation domain. DNA, the DNA-binding domain; LIGAND, the hormone-binding domain. Constitutively active GR constructs with a truncation of the hormone-binding domain (GRN525 and GRN525∆108-317) are also pictured. These truncation proteins have identical effects on polyglutamine protein aggregation as compared to their corresponding full-length forms. Also shown are illustrations of HA-tagged full-length AR, ARN556 and ARN127 containing either 25 or 65 glutamines (Qn) in the N-terminus. (B) Previous results and studies presented here show that when ARN127(65) is expressed in non-neuronal cells it is either soluble, or forms perinuclear aggregates. Activation of wtGR in cells increases ARN127(65) solubility, whereas activation of GR∆108-317 promotes the formation of nuclear aggregates of the expanded polyglutamine protein.
ARN127 and ARN556, respectively (Fig. 1A) . All constructs contained an HA epitope tag at the N-terminus to facilitate detection. We focused our attention on truncated forms of AR because investigations using cultured cells (28, 29) and SBMA patient tissue (10) have suggested that the AR protein may be cleaved in vivo to generate a short fragment containing the expanded polyglutamine tract. Additionally, we and others have observed that only the most truncated form of the expanded AR protein [ARN127(65)] spontaneously aggregates when expressed in a variety of cell types (27, 28) . Last, truncated forms of the protein have been reported to produce cell toxicity both in cultured cells (28, 29) and in a mouse model of SBMA (30) , whereas the full-length molecule has not (31) .
We transfected NIH3T3 cells with ARN127, ARN556 and full-length AR, in conjunction with constitutively active wildtype form, GRN525, or the mutant form, GRN525∆108-317. Full-length and constitutively active forms of GR have identical effects on polyglutamine protein aggregation (data not shown), and constitutively active forms were used purely for convenience. After 48 h cells were fixed in paraformaldehyde or methanol, and then stained for the presence of the HA-labeled AR proteins (Fig. 2) . In prior studies we had reported that GR∆108-317 had no effect on unexpanded forms of AR in HEK293 cells, with most of the protein localized within the cytoplasm, and no apparent formation of protein aggregates. However, in the NIH3T3 cells examined using methanol fixation we detected a small population of cells (∼1-5%) that exhibited nuclear accumulation of ARN127 (25) , but only when co-expressed with GRN525∆108-317. The vast majority of cells showed soluble ARN127 (25) protein in all cases. When cells expressing ARN127(65) were co-transfected with GRN525∆108-317, ∼70% of transfected cells showed dense nuclear inclusions. These dense aggregates of ARN127(65) were distinct from the less dense and more granular-appearing accumulations of ARN127 (25) that rarely occurred in the nucleus. Co-expression of ARN127(65) with wtGR produced cells that either had cytoplasmic aggregates or only soluble protein. Table 1 summarizes these findings and those described below.
Expression of a longer truncation derivative of AR containing the N-terminal 556 amino acids, ARN556, revealed similar results ( Fig. 2 and Table 1 ). First, both expanded and unexpanded ARN556 protein exhibited a diffuse cytoplasmic distribution when co-expressed with GRN525 ( Fig. 2 ; data not shown). In contrast, co-expression of GRN525∆108-317 led to the formation of nuclear aggregates of ARN556(65) in ∼10-15% of transfected cells. GRN525∆108-317 had no apparent effect on the subcellular localization of ARN556 (25) . In this case, all of the protein was observed within the cytoplasm in a soluble form (data not shown). Finally, full-length AR (25) and AR(65) at equal frequency both spontaneously formed cytoplasmic (25) and ARN127(65), along with either GRN525 (wtGR) or GRN525∆108-317 (GR∆108-317). Cells were fixed and stained for the presence of HA-tagged protein (red) and DNA (green). ARN127 (25) remains soluble in the vast majority of cells co-transfected either with GRN525 or GRN525∆108-317, shown in (A). In the presence of GRN525∆108-317, upon fixation with methanol, a small number of cells exhibit accumulations of ARN127(25) (D) that appear less solid and more granular than nuclear aggregates of ARN127(65) (E). ARN127(65) co-expressed with GRN525 generally remains soluble (B) or forms cytoplasmic inclusions (G), but in the context of GRN525∆108-317 it forms dense nuclear inclusions as in (E). ARN556 (25) remains soluble in all contexts (data not shown). ARN556(65) remains soluble in the context of wtGR (C); however, in the presence of GR∆108-317 it forms nuclear inclusions (F). Full-length AR(65) spontaneously forms cytoplasmic aggregates that are not affected by co-expression of either GRN525 (H) or GRN525∆108-317 (I). Headings on the side of the figure refer to the representative examples shown: 'soluble' distribution, 'nuclear' aggregation and 'cytoplasmic' aggregation.
inclusions that had a distinct appearance from those inclusions formed by the truncated AR proteins. Upon hormone activation with 100 nM dihydrotestosterone, both forms of full-length AR translocated to the nucleus, and did not form inclusions (data not shown). Neither GRN525 nor GRN525∆108-317 co-expression had any effect on the localization or aggregation potential of full-length AR (25) or AR(65) (Fig. 2 and Table 1 ; data not shown). Thus, GR and GR∆108-317 appear to modify the aggregation potential only of the truncated forms of the expanded AR protein. In addition, under these conditions in non-neuronal cells, nuclear inclusions characteristic of SBMA and other polyglutamine expansion diseases only occurred in those cells co-expressing GRN525∆108-317 (or full-length GR∆108-317; data not shown).
GR and GR∆108-317 differentially regulate AR protein detergent solubility
Biochemical fractionation using detergent extraction corroborated our observations with indirect immunofluorescence. We transfected NIH3T3 cells with both wild-type and expanded ARN127 and ARN556, and full-length AR, along with GRN525 or GRN525∆108-317, or an inactive form of GR harboring a point mutation that abrogates DNA binding, GRN525(R466K). The cells were lysed in buffer containing high levels of non-ionic detergent, and then fractionated by centrifugation. Equivalent amounts of extract (normalized for total SDS-soluble AR protein expression) from both the supernatant and the detergent-insoluble pellet were analyzed by SDS-PAGE and western blotting (Fig. 3 ). Co-expression of wtGR slightly decreased the amounts of insoluble ARN127 and ARN556 (Fig. 3A) . In contrast, GR∆108-317 co-expression significantly increased the levels of insoluble ARN127 and ARN556 regardless of polyglutamine length, based on gross appearance and densitometry (Fig. 3A) . On the other hand, neither GRN525 nor GRN525∆108-317 affected the solubility of full-length AR with an unexpanded or expanded polyglutamine tract (Fig. 3B ). Of note, we found that full-length expanded AR(65) showed much higher levels of spontaneous protein cleavage fragments than did AR(25) (Fig. 3B ). In summary, with the exception of ARN556 (25), which showed detergent insolubility not detected by immunofluorescence, GR appears to modify the detergent solubility of truncated forms of AR in a manner that parallels our assessment of aggregation by immunofluorescence in cultured cells.
In primary neurons, ARN127(65) spontaneously forms nuclear inclusions; wtGR activation prevents their formation
Our experiments in non-neuronal cells indicated that ARN127(65) typically aggregated in the cytoplasm. However, when co-expressed with GR∆108-317 the majority of aggregates localized within the nucleus. Because polyglutamine diseases exclusively affect the CNS, we evaluated ARN127(25) and ARN127(65) expression in primary neurons. Cultured primary striatal rat neurons were transfected with ARN127(25) and ARN127(65). Staining for ARN127 (25) revealed only a diffuse cytosolic distribution (data not shown). However, expression of ARN127(65) resulted in the spontaneous formation of inclusions that localized almost exclusively within the nucleus (Fig. 4) . Co-transfection of wtGR reduced the formation of nuclear inclusions in these cells ∼60% upon hormone activation (Fig. 4, graph) . On the other hand, co-expression of GR∆108-317 had little or no effect on inclusion formation, which may reflect that the potential for nuclear aggregation in these cells is already at a maximum. Surprisingly, we did not observe polyglutamine-dependent cell death in this assay system, which may be due to a combination of high background rate of cell loss, and low transfection efficiency. To summarize, in neurons (as opposed to non-neuronal cells) the expanded ARN127(65) truncation protein spontaneously formed nuclear inclusions, and co-expression of wtGR inhibited this process in a manner similar to non-neuronal cells.
In NIH3T3 cells nuclear aggregates of polyglutamine protein recruit hsp72 more rapidly than cytoplasmic aggregates
Both nuclear and cytoplasmic aggregates have been described in patient material and transgenic mouse models of HD (9, 32, 33) , but it is still somewhat unclear how these (25) or AR(65) and constitutively active forms of GR as described above. In contrast to results in (A), GR mutants had no effect on overall amount of detergent-insoluble material. Apparent breakdown products derived from the full-length proteins are indicated by an asterisk, and are especially apparent in the pellet fraction. Note the increased levels of such products in cells expressing the full-length expanded polyglutamine AR.
phenomena are linked to cell toxicity. Because accumulation of abnormally folded proteins can activate the cellular heat shock, or stress response, and polyglutamine aggregates are known to recruit heat shock proteins, we examined whether cytoplasmic versus nuclear accumulations of expanded polyglutamine proteins would differentially recruit a stress protein.
We relied on hsp72, the most highly inducible member of the hsp protein family, whose expression (in rodent cells) is not detected in the absence of cell stress. NIH3T3 cells were transfected with ARN127(25) or ARN127(65) and GRN525 or GRN525∆108-317, and then fixed and double-label stained for AR and hsp72 localization. After 48 or 72 h, cells transfected with ARN127 (25) showed no significant aggregation (data not shown). In cells transfected with ARN127(65) and GRN525, soluble protein and cytoplasmic aggregates were observed. After 72 h in culture, these cytoplasmic aggregates clearly co-localized with hsp72 (data not shown). When co-expressed with GRN525∆108-317, ARN127(65) aggregation occurred almost exclusively within the cell nucleus. In these cells we observed a robust co-localization of hsp72 with the ARN127(65) nuclear aggregates by 36-48 h, while at this earlier time point in cells containing only cytoplasmic aggregates we did not observe strong co-localization with hsp72 ( Fig. 5) . Quantification of these observations revealed that after 48 h in culture, ∼75% of cells with nuclear aggregates had strong recruitment of hsp72, whereas <1% of cells with cytoplasmic aggregates showed this phenomenon. Thus, whereas both forms of misfolded polyglutamine protein ultimately recruit hsp72, nuclear aggregates appear to recruit this stress protein more rapidly.
ARN127(65) decreases cell viability only in the context of nuclear inclusion formation
Our finding that nuclear aggregates of ARN127(65) were associated with a more rapid co-localization with hsp72 led us to test whether expanded polyglutamine protein expression would decrease cell viability under conditions associated with nuclear inclusion. NIH3T3 cells were transfected with ARN127(25) or ARN127(65), wtGR or GR∆108-317, and a GFP expression plasmid to identify transfected cells. We assayed relative survival of the transfected cells by counting the number of cells expressing GFP at 24, 48 and 72 h. No differences in viability were observed at 24 or 48 h. However, by 72 h, ARN127(65) expression produced a ∼50% decrease in the number of GFP-positive cells, but only in the context of coexpressed hormone-activated GR∆108-317 (Fig. 6 ). This was accompanied by clear evidence of cytotoxicity-rounded cell bodies, and cells detaching from the dish. Co-expression of ARN127 (25) with either wtGR or GR∆108-317 had no significant effect on cell viability over the 72 h experiment. Thus, toxicity of the expanded polyglutamine protein is not simply related to its expression within a cell. Rather, this toxicity requires an appropriate cellular context, in this case determined by the hormone-dependent activation of the mutant form of the GR, GR∆108-317. 
Distinct forms of expanded AR protein underlie its cellular activities
In an effort to identify molecular characteristics of ARN127(65) that might be associated with its cytotoxicity, we examined some of the biochemical properties of ARN127(65) produced in cells co-expressing either wtGR or GR∆108-317.
In particular, we attempted to evaluate soluble forms of AR protein before its recruitment into insoluble macro-aggregates. HEK293 cells were transfected with ARN127(25) or ARN127(65) and constitutively active GRN525 or GRN525∆108-317 (these cells were used for their ease of transfection and high yield of expressed proteins; identical results were obtained with extracts derived from transfected NIH3T3 cells). After 48 h, cells were harvested and lysed in a buffered solution containing 0.05% Triton. Following clarification by centrifugation at 15 000 g to pellet insoluble protein, nuclei and cellular debris, the supernatants were removed and soluble forms of ARN127 examined by limited proteolysis. Extracts were treated with chymotrypsin for 0, 20 or 40 min before stopping the reactions by addition of SDS-sample buffer and heating to 95°C. Samples were then resolved by SDS-PAGE and western blotting. Figure 7A shows that co-expression of GRN525 or GRN525∆108-317 had no effect on the gel migration pattern of non-proteolyzed forms of either ARN127 (25) or ARN127(65), suggesting that neither covalent modification nor cleavage of the protein had occurred within the cell. However, chymotrypsin digestion revealed a marked difference as a function of co-expressed GR. In particular, ARN127(65) co-expressed with GRN525 generated a ∼7 kDa digestion product that was reduced by a factor of 10-20 times (based on densitometry) in those samples derived from cells expressing GRN525∆108-317. Chymotrypsin digestion of unexpanded ARN127(25) protein from cells co-expressing GRN525 also produced a 7 kDa band. However, in this case, co-expression of GRN525∆108-317 did not affect levels of this 7 kDa product. We also noted that the overall protease sensitivity of the full-length ARN127(65) protein appeared to be increased by co-expression with GRN525∆108-317, as shown by a decrease in uncleaved protein in the lane with 40 min of digestion. Protein sequence analysis reveals a putative chymotrypsin consensus cleavage site N-terminal to the polyglutamine tract (Fig. 7B) . To rule out the possibility that our observations were limited to one protease, we performed a similar experiment using a more non-specific protease (proteinase K). Although the signal intensity was diminished by proteolytic degradation of the HA tag, this also showed preferential formation of a small cleavage product of ∼7 kDa only in the context of wtGR (Fig. 7C) .
To exclude the possibility that soluble micro-aggregates of ARN127(65) were responsible for the difference in protease susceptibility, we subjected unexpanded and expanded ARN127 from the two different cell contexts (i.e. GRN525 versus GRN525∆108-317) to native (non-denaturing) gel electrophoresis. As shown in Figure 8A , the migration of the (65) and either wtGR or GR∆108-317. To facilitate detection, cells were also transfected with a GFP expression plasmid. Cells were treated with EtOH or 100 nM dexamethasone (dex). Cell counts at 72 h showed significant cell loss only with co-expression of ARN127(65) and GR∆108-317. Co-expression of ARN127 (25) with GR∆108-317 had no effect on cell viability. To control for differences in transfection efficiencies, cell counts following dex treatment are presented as a percentage of the viable cells in the EtOH-treated samples. Transfections were performed in triplicate for each pair, and error bars represent the SEM. two forms of the protein was virtually identical, without evidence for different higher order structures in the gel. This study implies that the clarified extracts contain largely lower order forms of ARN127 (since we cannot exclude that the bands observed on native gels constitute heteromers of protein). Likewise, by this assay there was no observable difference in the aggregation state of the soluble ARN127 protein in the context of either wtGR or GR∆108-317. We next tested whether the ARN127 protein might have unique protein associations by using chemical cross-linking. Clarified extracts were prepared by non-ionic detergent lysis and centrifugation at 15 000 g and were subjected to chemical cross-linking for 5 or 60 s with glutaraldehyde, followed by SDS-PAGE and western blot. We observed in multiple repetitions a shifted band of ∼110 kDa in the context of wtGR, whereas no such band was observed in the context of GR∆108-317 (Fig. 8B ). This result implies that under conditions where it fails to form nuclear inclusions, ARN127(65) protein may have a unique association with another protein of ∼50-60 kDa. However, we cannot exclude the possibility that the 110 kDa shifted band we observe with ARN127(65) represents its self-association. Regardless, our data suggests that soluble ARN127(65) protein may exist in at least two forms, depending on the cellular environment. One form (that which forms a distinct cross-linked species, and produces a 7 kDa digestion product) appears to have less toxic potential, whereas the other form is associated with nuclear inclusion formation and cell toxicity.
DISCUSSION
By exploiting wtGR and a mutant that counteracts its function, GR∆108-317, we have studied an expanded polyglutamine protein under two conditions. In one condition (in the context of wtGR), we propose the expanded protein exists in a 'less toxic' form, wherein it remains largely soluble (or forms cytoplasmic aggregates), and is not particularly toxic to the cell. However, when expressed in the context of GR∆108-317 it has reduced solubility, forms nuclear aggregates that rapidly recruit a cellular stress protein, and reduces cell viability. These observations indicate that the cellular context in which the expanded polyglutamine protein is expressed likely affects its conformation and/or protein interactions in solution, and subsequently its relative toxicity to the cell. Figure 9 illustrates a model of this hypothesis.
In both established cells and in primary neurons we observed that glucocorticoid-regulated gene expression modified the subcellular distribution and macro-aggregation of AR protein. Activation of GR∆108-317 increased ARN127(65) aggregation, with aggregates localized primarily within the cell nucleus. Conversely, wtGR activation reduced the total number of aggregates, and those that did form were restricted to the cytoplasm. These observations at a cellular level had biochemical Figure 8 . ARN127 in clarified extracts does not show differences in aggregation state in the context of GRN525 or GRN525∆108-317; ARN127(65) cross-links to form a unique complex in the context of GRN525. (A) Clarified extracts were prepared as described for limited proteolysis and were run on a native (non-denaturing) gel, followed by western blot. Both unexpanded and expanded ARN127 had identical migration patterns, regardless of co-expressed GR, indicating that ARN127(65) in clarified extracts has not formed soluble 'micro-aggregates' preferentially in one condition. Wells are visualized at the top of the gel, and do not show significant accumulations of ARN127 (65) protein (wild-type: GRN525; ∆: GRN525∆108-317). (B) Glutaraldehyde cross-linking of clarified extracts of ARN127(65) was followed by SDS-PAGE and western blot. With GRN525 co-expression, ARN127(65) reliably produced a shifted species of ∼110 kDa, indicating a unique protein association that did not occur in the context of GRN525∆108-317. The lack of a tight cross-linked shifted band is likely due to multiple cross-link sites between the ARN127 protein and its partner, which produces slightly different conformers that do not run in a completely uniform pattern within the gel.
Figure 9.
A schematic model representing GR and GR∆108-317 effects on ARN127(65). Full-length AR does not readily exhibit cell toxicity. In vivo, truncation of full-length AR by endogenous proteases may occur to generate a short toxic fragment (represented by ARN127 in our experimental system). ARN127 may exist in at least two distinct soluble forms, as indicated by the rectangle (a less toxic form), and the oval (a more toxic form). Both forms can aggregate, although the less toxic form (which may have a unique protein association) tends to form perinuclear aggregates, whereas the toxic form can enter the nucleus to form nuclear aggregates. Toxicity may result from aberrant protein interactions within the nucleus. wtGR and GR∆108-317 inversely modulate this process by regulating conformation or protein associations of ARN127 before aggregate formation has occurred (while the protein is still soluble). GR∆108-317 promotes a conformer that is prone to nuclear aggregation and cellular toxicity, whereas wtGR promotes a conformer that is more soluble and less toxic to the cell.
correlates. wtGR decreased and GR∆108-317 increased the amount of detergent-insoluble/nuclear forms of ARN127 and ARN556. We also observed that whereas both nuclear and cytoplasmic aggregates ultimately recruited an induced stress protein, hsp72, nuclear aggregates appeared to recruit this protein more readily. Moreover, we observed a clear reduction in cell viability only in the cellular context wherein nuclear inclusions formed. Finally, using independent biochemical assays, we found evidence for distinct forms of the expanded polyglutamine ARN127(65) protein in solution as a function of co-expression of wtGR versus GR∆108-317.
These results may help in our understanding of the pathogenesis of polyglutamine expansion diseases. First, in NIH3T3 cells, formation of nuclear aggregates correlated with greater cell toxicity than did cytoplasmic aggregates, suggesting that such nuclear inclusions mark a uniquely pathological form of the expanded polyglutamine protein. Moreover, we observed that nuclear inclusions more rapidly recruited hsp72, the most stress-inducible member of the heat shock protein family. Whereas numerous prior reports have documented chaperone co-localization with aggregates, this is the first report, to our knowledge, that particularly links nuclear aggregation with stress responses. Thus, our work extends prior research by demonstrating by two independent measures (stress protein recruitment and cell death) that nuclear aggregates are especially associated with cell toxicity. Whereas nuclear inclusions were correlated with decreased cell survival, the precise mechanism underlying the observed toxicity is still unclear. Notably, we observed that in primary neurons, the site of greatest toxicity in vivo, ARN127(65) spontaneously formed almost exclusively nuclear inclusions. Along these lines, Merry et al. (28) found that expression of a truncated AR protein in a motor neuron line produced primarily nuclear inclusions, but that expression in non-neuronal cells produced primarily cytoplasmic inclusions. Finally, in studies of a transgenic mouse model of SBMA, Abel et al. (30) also observed nuclear inclusion formation in brain tissue, but did not observe such inclusions in muscle or testis. These dramatic differences in the subcellular distribution and aggregation of a single protein as a function of cellular milieu underscore the existence of cellspecific factors that control these events.
Whereas glucocorticoid-regulated pathways clearly can modulate the processing of polyglutamine proteins, it remains unclear whether preventing nuclear inclusion formation per se has beneficial effects on neuronal survival in culture. However, our experiments with NIH3T3 cells suggest that survival is improved when aggregation is either prevented or restricted to the cytoplasm. An obvious limitation of our studies in cultured neurons was the lack of detectable polyglutamine-induced cell death. Unfortunately, we were unable to transfect a suitable number of cells to observe quantitative effects in this regard against a background of ongoing polyglutamine-independent cell death. This prevented us from asking directly whether inhibition of nuclear inclusion formation would protect against cell death in culture. The most valid test of any protective effect of glucocorticoid-responsive pathways will come from studies of animal models of expanded polyglutamine disease, which are being pursued.
Perhaps the most important implication of our results is that distinct forms of soluble ARN127(65), detected by independent assays, were linked with its biological activities in the cell. We found that under conditions when it is less likely to form intracellular aggregates or cause toxicity (wtGR activation), expanded polyglutamine AR had a distinct proteolytic susceptibility to chymotrypsin and proteinase K. This was consistent either with an increase in protease accessibility to a site within the N-terminus or with protection of the N-terminus from complete degradation (possibly through a unique protein association). Either scenario could explain the production of the 7 kDa cleavage product we observed primarily in the context of wtGR activation. Cross-linking data also emphasized the different molecular environments for ARN127 in these two contexts, as only with wtGR activation in the cell did a ∼110 kDa cross-link product form. This shifted band could represent dimers of the ARN127 protein in the context of wtGR that are unable to form in the context of GR∆108-317, but we feel that this band probably signifies a novel protein association-possibly a factor that prevents the formation of nuclear inclusions.
It is unlikely that differences we detect by proteolysis and cross-linking reflect micro-aggregates of protein that have remained in solution following centrifugation. Using native gel electrophoresis of clarified extract we found no differences in mobility of the proteins, suggesting that the soluble protein is not in large complexes in one of the conditions. We have also found no evidence of higher order structures using gel permeation chromatography, and no significant difference in passage through a 100 kDa size exclusion filter (data not shown), arguing against significant multimerization of the protein. Several prior studies have suggested that ubiquitination (19, 21) or proteolytic cleavage (34,35) may underlie expanded polyglutamine aggregation and toxicity, respectively. We found no evidence for covalent modification (e.g. ubiquitination) or proteolytic cleavage of the expanded polyglutamine AR protein in the two cellular environments created by co-expression of wtGR and GR∆108-317: the proteins migrated identically on denaturing and non-denaturing gels. Although other explanations are possible, the simplest interpretation of our data is that biochemically distinct forms of the expanded polyglutamine AR protein are closely tied to, if not the underlying causes of, the various cellular effects we have observed.
Reports of other investigators have also suggested the existence of distinct conformers of expanded polyglutamine proteins, but have not clearly linked them to cellular toxicity. Recently, Krobitsch and Lindquist (36) showed that polyglutamine protein aggregation in yeast depended on expression of hsp104. Thus, in this system the transition of an expanded polyglutamine protein between aggregation-prone and nonaggregation-prone forms is subject to cellular control, and may involve a specific molecular chaperone. However, polyglutamine proteins expressed in yeast do not exhibit properties found in mammalian cells such as formation of nuclear inclusions and cellular toxicity, and humans lack an hsp104 homolog.
Others have used antibodies that preferentially recognize expanded polyglutamine domains (37, 38) or proteolysis (39) to highlight conformational differences between expanded and unexpanded forms of polyglutamine proteins. However, a central point of our work is that an expanded polyglutamine protein itself may have distinct conformers associated with unique cellular consequences. Two prior studies have also raised this issue. Persichetti et al. (38) showed that an antibody, 1F8, failed to recognize expanded polyglutamine in its aggregated form, and concluded that the aggregated protein had a distinct conformation that masked the epitope. Whereas it is perhaps not surprising that an aggregated protein should have distinct conformations in comparison to its soluble counterpart, our study demonstrates distinct forms of expanded polyglutamine AR may exist in solution. In another study, Wheeler et al. (40) have demonstrated in a knock-in mouse model that a distinct epitope on the N-terminus of htt protein becomes accessible to the EM48 antibody when it is expressed in the context of medium spiny neurons, a population of cells involved in human disease. This result may indicate a novel conformation of htt protein (or a novel protein association) occurs in a cell context in which it produces injury. However, in this study, antibody accessibility in fixed tissue specimens was the sole criterion used to identify structural protein differences. Moreover, there was no direct link between htt conformers and cell toxicity, since the animal model used does not have an obvious striatal cellular pathology or behavioral phenotype.
We have corroborated and extended this prior work using independent biochemical assays of expanded polyglutamine protein in solution. We have found that distinct forms of ARN127(65) are closely associated with its behavior within the cell, and may determine its toxic potential, as well as its propensity for nuclear inclusion formation. What might be the determinants of these distinct conformers? Our cross-linking data suggest that ARN127(65) may have a unique binding partner in its 'non-toxic' form. Such a factor might be expected to have reduced levels or activities within tissue of the CNS. Several molecular chaperones, notably hsp70 and hsp40, have been implicated in preventing polyglutamine protein aggregation (41-49), but they are widely expressed in all tissues, including the brain. It is possible, alternatively, that other proteins may facilitate a conformation of the protein that leads to nuclear inclusion formation and cellular toxicity. Such a factor could constitute a binding partner that promotes nuclear localization of the expanded polyglutamine protein or leads to its sequestration within the nucleus. Along these lines, preliminary work using extract complementation in vitro has suggested that another factor (possibly a molecular chaperone) may actively convert ARN127(65) from a non-toxic to a toxic form that allows the expanded polyglutamine tract to manifest its pathologic activities.
Through which pathways might wtGR mediate its effects? Based on prior published (27) and unpublished work, we feel it is unlikely that GR or GR∆108-317 directly interact with polyglutamine proteins. Instead, it may be helpful to consider the role of glucocorticoid-dependent gene expression in the regulation of cell catabolic functions. In certain cells, GR has been described to upregulate proteasome function (50, 51) , and may also control the levels of certain chaperones, such as α-B crystallin (52) . In ongoing work we are investigating specific gene regulation by wtGR and GR∆108-317, which may provide clues as to the mediators of the activities we have observed. Whereas prevention of aggregation could result from increased polyglutamine protein degradation, we have not observed evidence for increased polyglutamine protein turnover in response to glucocorticoid activation, as reflected in changes in steady-state levels of protein (although we have not measured protein half-life in these different conditions). In addition, factors involved in protein turnover might have additional roles in determining aggregation potential of the polyglutamine protein, as formation of aggregates has been linked to cellular ubiquitin ligase activity by several investigators (19, 21) , and multiple reports describe co-localization of proteasome components with polyglutamine aggregates (41, 46, 53, 54) . Uncovering the GR-regulated factors that control expanded polyglutamine protein behavior within the cell may prove informative both from the standpoint of understanding glucocorticoid effects on cell physiology and pathogenesis of polyglutamine expansion diseases.
In summary, our studies show that when expressed in a nonneuronal cell, especially in association with wtGR activation, an expanded AR protein has a distinct pattern of cytoplasmic distribution and aggregation. Following alteration of cellular homeostasis (by expression of GR∆108-317), this same protein may have markedly different activities that parallel the phenotype observed in neurons. Each cellular environment produces distinct biochemical features of the expanded AR protein. Specifically, wtGR promotes a form that may have a unique protein partner, and is limited to soluble forms or cytoplasmic aggregates, whereas GR∆108-317 promotes a form that does not have the same protein associations, and is capable of nuclear aggregation and cellular toxicity. Thus, this work provides an experimental framework to begin to consider the problem of selective cellular toxicity of expanded polyglutamine proteins in molecular terms. In the future it may be possible to identify the factors that regulate the prevalence of these different forms of ARN127 using biochemical or genetic approaches, which could be of great utility in defining the cellular determinants of polyglutamine protein toxicity.
MATERIALS AND METHODS
Plasmids
Plasmids encoding HA-tagged ARN127 (pHA.ARN127.ires.NEO) were created by cloning HA-tagged fragments of 127 N-terminal amino acids from human AR with either 25 or 65 glutamines into pIRES.NEO (Clontech). Truncation derivatives containing the N-terminal 556 amino acids of AR with either 25 or 65 glutamines (pHA.ARN556.ires.NEO) were similarly cloned. Glucocorticoid receptor expression plasmids were as described previously (27, 55) , and consisted of either full-length GR (p6RGR, p6RGR∆108-317) or a truncated, constitutively active form which lacks the ligand-binding domain (p6RGRN525, p6RGRN525∆108-317) driven by the RSV promoter. GFP expression plasmid (pGL-1) consists of GFP cDNA driven by the CMV promoter. Constructs were checked by sequencing and functional testing using transcription assays and immunofluorescence.
Cell culture and transfection
NIH3T3 and HEK293 cells were grown in DME-H21 medium (4.5 g/l glucose) supplemented with 10% fetal bovine serum. For immunofluorescence and cell viability experiments, NIH3T3 cells were grown on glass coverslips in 24-well dishes. For immunofluorescence, cells were transfected with a total of 0.15 µg DNA (0.12 µg of HA.ARN127.IRES.NEO and 0.3 µg of p6RGRN525 or p6RGRN525∆108-317). For cell death experiments, using a total of 0.17 µg DNA per well (0.1 µg of HA.ARN127.IRES.NEO, 0.025 µg of p6RGR or p6RGR∆108-317, and 0.045 µg of pGL-1). Cells were transfected using Effectene reagent (Qiagen), using 8 µl/µg DNA of Enhancer and 10 µl/µg DNA of Effectene reagent. For transfection of HEK293 cells, cells were grown in 3.5 cm dishes, and they were transfected with Lipofectamine Plus reagent (Gibco BRL) using 1 µg total DNA and 4 µl Plus reagent, with 2.67 µl Lipofectamine reagent.
Primary striatal neurons were cultured from E18 fetal rats as previously described by Saudou et al. (19) . They were grown on glass coverslips for 5 days prior to transfection in 24-well plates. Cells were transfected with 1.5 µg each of pHA.ARN127.ires.NEO expression plasmid and full-length p6RGR or p6RGR∆108-317 expression plasmid, using calcium phosphate precipitation according to methods previously described by Saudou et al. (19) . Cells were treated either with 100 nM dexamethasone or EtOH vehicle control at the time of transfection. After 6 days in culture, cells were fixed and stained. Aggregate counts were performed by assessing the number of transfected neurons exhibiting macro-aggregates of protein as compared to the total number of transfected neurons. Approximately 50-100 transfected neurons were counted on each coverslip over multiple fields. Each data point represents the average counts from four coverslips.
Immunofluorescence studies NIH3T3 cells growing on glass coverslips were transfected as described above. Samples expressing full-length GR or AR protein were treated either with 100 nM dexamethasone or dihydrotestosterone, respectively, or EtOH vehicle control. Thirty-six to 48 h later the cells were washed in PBS and fixed either by immersion in -20°C absolute methanol for 2 min or by incubation in 4% paraformaldehyde dissolved in PBS for 10 min followed by immersion in PBS containing 0.1% Triton X-100. Cells were stained for their distribution of the HA-tagged proteins using a mouse monoclonal antibody against HA diluted 1:4000 in PBS containing 5 mg/ml bovine serum albumin (BSA). Primary antibody was detected via incubation with a rhodamine-conjugated rabbit anti-mouse antibody (ICN/Cappel) diluted 1:50 in 5 mg/ml BSA PBS. For double-label staining, the fixed and permeabilized cells were incubated with a mouse monoclonal antibody specific for hsp72 (StressGen C92) diluted 1:800 in BSA/PBS plus rat anti-HA (Roche rat anti-HA antibody 3F10) diluted 1:1000. The mouse hsp72 antibody was detected using a Cy-conjugated goat anti-mouse antibody (rat preabsorbed; Jackson ImmunoResearch) diluted 1:2000. The rat HA antibody was detected via incubation with a fluoresceinconjugated rabbit anti-rat (mouse preabsorbed; ICN/Cappel) diluted 1:50. Primary neurons were fixed in paraformaldehyde and permeabilized as above, and stained with mouse anti-HA monoclonal antibody (mouse HA.11 anti-HA antibody; Covance) at 1:1000 dilution, and secondary antibody (Alexa 546 goat anti-mouse) from Molecular Probes at 1:500 dilution. DAPI stain was used at 0.5 µg/ml, included in the secondary antibody mix.
To measure relative recruitment of hsp72 to cytoplasmic versus nuclear aggregates, NIH3T3 cells were transfected as described above with ARN127(65), GRN525 or GRN525∆108-317 expression plasmids and cultured for 36-72 h. Cells were then rinsed with PBS/0.1% Triton and fixed in 100% methanol. Immunofluorescence was performed as described above using rat anti-HA antibody and mouse anti-Hsp72 antibody, with a DAPI counterstain. Cells were then visualized by standard fluorescence microscopy. The percentage of nuclear aggregates co-localized with Hsp72 was compared to the percentage of cytoplasmic aggregates co-localized with Hsp72 by counting 100-150 aggregate-containing cells on three different coverslips.
Imaging was accomplished using a Deltavision deconvoluting microscope and a 60× objective for Figures 2 and 5 . Images for Figure 4 were acquired using standard fluorescence microscopy and a 100× objective.
Detergent fractionation
NIH3T3 cells growing in 6 cm dishes were transfected with 0.8 µg of plasmid DNA encoding either ARN127, ARN556 or full-length AR with 25 or 65 glutamines. In each case the cells were co-transfected with either p6RGRN525, p6RGR∆108-317 or p6RGRN525(R466K), which harbors a point mutation in the DNA-binding domain that abrogates DNA binding and transcriptional regulation. Forty-eight hours post-transfection the medium was removed, the cells washed in PBS and then lysed by the addition of 0.4 ml of PBS supplemented with 1% Triton X-100, 1% sodium deoxycholate and 5 mM MgCl (to stabilize chromatin). After vortexing, an aliquot of the cell lysate was removed (total) and the remainder centrifuged at 15 000 g for 15 min at 4°C. The supernatant was removed and adjusted with 5× concentrated Laemmli sample buffer. The pellet was resuspended in 2× Laemmli sample buffer. A sample of the total cell lysate was analyzed by SDS-PAGE and western blotting with the anti-HA antibody to determine the relative expression of the different HA-tagged AR species based on quantification of bands by densitometry. Subsequently, SDS-PAGE analysis of the different fractions (loading of the gel based on relative HA expression) was performed and the relative amounts of the HA-tagged species again determined by western blotting using mouse anti-HA antibody. Densitometry was performed by scanning gels and analyzing bands using NIH Image 1.62 software.
Cell viability assay
Cell viability assays were performed on transfected cells in triplicate minus and plus 100 nM dexamethasone. NIH3T3 cells were transfected as above with ARN127 and full-length GR and GR∆108-317 expression plamids and cultured for 72 h. At this time cells were fixed in 4% paraformaldehyde as described above. Cells were then examined using a 40× objective with a FITC filter set in place, which allowed visualization of GFP-positive cells. An average of 15 separate fields were counted for each coverslip and the total number of cells tabulated per field. Cell viability was assayed by comparing average GFP-positive cell number minus and plus hormone for three pairs in each condition. The number of viable GFP-positive cells after hormone treatment was reflected as a percentage of the total number of transfected cells untreated with hormone. This controlled for differences in transfection efficiency between different coverslip pairs, and thus normalized hormone effects over the experiment.
Proteolysis assays
Limited digestion with chymotrypsin and proteinase K was performed as follows. HEK293 cells were transfected as above in 3.5 cm dishes. After washing cells two times in chilled PBS in the dish, cells were scraped into PBS, concentrated by centrifugation and the pellets frozen for later use. To create lysates, the cell pellet was resuspended in ice-cold lysis buffer containing: protease inhibitors (1 µg/ml each of leupeptin, pepstatin and aprotinin), 25 mM HEPES pH 7.6, 100 mM KCl, 0.5 mM EDTA, 20% glycerol (v/v) and 0.05% Triton X-100. The cell lysate was clarified by centrifugation at 15 000 g for 10 min at 4°C, and the resultant supernatant used for the assays. Total protein concentration was then determined by the method of Bradford. Digests of ARN127 protein were performed at 25°C using 0.5 ng chymotrypsin/µg total protein or 0.03 ng proteinase K/µg total protein, using ∼10-20 µg of total cell extract in a 20 µl reaction volume. Undigested samples (i.e. those with no added protease) were incubated at room temperature for 40 min to control for endogenous protease activity. Reactions were stopped by the addition of SDS-sample buffer containing 5 mM PMSF and immediate heating at 95°C for 5 min. Approximately one-third or each reaction was run out on a 15% denaturing polyacrylamide gel, and protein was detected by western blot. Western blots were performed using primary antibody (mouse HA.11 anti-HA antibody; Covance) at 1:7500 dilution and secondary antibody (goat anti-mouse HRP conjugated antibody; Amersham) at 1:10 000 dilution. Identical results were obtained from repetition of this experiment at least five times from separate transfections.
Native gel electrophoresis
Cell lysates were prepared in an identical fashion as for limited proteolysis. Approximately 10 µg of total lysate from each experimental condition was loaded on a 3-10% gradient acrylamide gel, with a buffer consisting of 50 mM sodium acetate/50 mM boric acid pH 7.4, that was recirculated throughout the run. Gels were run at 4°C. Following the run, the gel was soaked in denaturing transfer buffer, transferred and subjected to western blot in the usual fashion as described above. These experiments were repeated more than five times, with identical results from separate transfections.
Chemical cross-linking
Cell lysates were prepared as for limited proteolysis and native gel electrophoresis. Instead, ∼15 µg of sample was diluted into a 10 µl reaction mix containing 5 mM ATP. A 1.1 µl aliquot of 3% glutaraldehyde solution (Sigma) was added (for final concentration of 0.3%), and the reactions were allowed to proceed for either 5 or 60 s. At this time the glutaraldehyde was quenched by addition of 3 µl of 180 mM Tris-HCl pH 7.4. A 4 µl aliquot of 5× SDS-sample buffer was added and SDS-PAGE was performed using a 10% gel, followed by western blot. Crosslinking experiments were performed more than five times with samples from different transfections with the same results.
